To improve cancer chemotherapy, a better understanding of the molecular mechanisms of drug resistance is essential. To identify the molecules responsible for drug resistance that is unrelated to MDR1 or MRP gene products, a eukaryotic expression cDNA library of cisdiamminedichloroplatinum(II) (CDDP)-resistant ovarian cancer TYKnuR cells was introduced into Cos-7 cells. After repeated CDDP selection, cDNA homologous to murine semaphorin E was isolated from surviving cells. Human semaphorin E (H-sema E) was overexpressed in CDDP-resistant cell lines and was readily induced not only by diverse chemotherapeutic drugs but also by x-ray and UV irradiation. Transfection of H-sema E conferred a drug-resistant phenotype to CDDP-sensitive cells. In addition, the aberrant expression of H-sema E protein was detected immunohistochemically in 14 of 42 (33.3%) recurrent squamous cell carcinomas removed at autopsy after extensive radiochemotherapy. Recently, another member of the semaphorin family, CD100, was shown to significantly improve the viability of B lymphocytes. These results suggest the involvement of semaphorins in diverse cell survival mechanisms.
In spite of a favorable response to the initial chemotherapy, the emergence of drug resistance in recurrent cancers often leads to chemotherapeutic failure. To improve cancer chemotherapy, a better understanding of the molecular mechanisms of drug resistance is essential. cis-diamminedichloroplatinum(II) (cisplatin; CDDP) is one of the most active chemotherapeutic agents used in the treatment of a variety of human solid tumors (1) (2) (3) . Unlike cells showing typical multidrug resistance (MDR) that is induced by vinca alkaloids or anthoracyclines, CDDP-resistant cell lines selected in vitro do not overexpress MDR1 or MRP gene products (4) (5) (6) . CDDP-resistant cells manifest crossresistance not only to chemically diverse drugs but also to x-ray irradiation, mimicking drug-refractory tumors in the clinic (7, 8) . Several mechanisms for CDDP resistance have been postulated (4) (5) (6) , including reduced drug accumulation by altered transmembrane efflux and uptake (9, 10) , metabolic inactivation of drugs by glutathione and metallothionein (11) (12) (13) (14) , accelerated DNA repair (15) (16) (17) , and inability to activate cell death͞apoptosis pathways (18) (19) (20) ; however, the molecular mechanisms causing non-MDR drug resistance are largely unknown.
In this study, we undertook functional cDNA cloning to identify the molecules responsible for non-MDR drug resistance. The entire cDNA library of CDDP-resistant ovarian cancer cells was introduced into Cos-7 cells and CDDP resistance was selected for by adding a lethal concentration of CDDP. From the survivor transfectants, we isolated cDNA encoding the human homologue of mouse semaphorin E (21).
We report here that semaphorin E is involved in non-MDR drug resistance of human cancers in vitro and in vivo.
MATERIALS AND METHODS
Cell Lines and Chemicals. A CDDP-resistant human ovarian cancer cell line, TYKnuR, and its parental line, TYKnu (22) , were obtained through the Japan Cancer Research Resources Bank (Tokyo). Two CDDP-resistant cell lines, Lu65͞CDDP and MS-1͞CDDP, were established from lung cancer cell line Lu65 and malignant mesothelioma cell line MS-1 (23) by increasing the concentration of CDDP stepwise to 1.0 g͞ml over a period of more than 1 year. Cells were cultured in drug-free media for at least 1 month before use. The IC 50 values of TYKnuR, TYKnu, Lu65͞CDDP, Lu65, MS-1͞CDDP, and MS-1 cells, determined as described below, were 2.2, 0.12, 6.8, 0.91, 6.8, and 1.6 g͞ml CDDP, respectively. Cos-7 was obtained from the Riken Cell Bank (Tsukuba, Japan).
CDDP, cis-diammine (1,1-cyclobutane) dicarboxylatoplatinum(II) (CBDCA), etoposide (VP-16) (Bristol-Myers Squibb, Tokyo), mitomycin C (MMC), and doxorubicin (ADM) (Kyowa Hakko Kogyo, Tokyo) were prepared for clinical use. Cells were irradiated with a 60 Co source or exposed to UV (254 nm) quantitatively by using a UV crosslinker (Stratalinker, Stratagene).
cDNA Library Construction and Screening. A eukaryotic expression vector (pcDNA I, Invitrogen) cDNA library of TYKnuR cells, representing 1.8 ϫ 10 6 clones, was introduced into Cos-7 cells by electroporation (23) , and CDDP-resistant clones were selected by culturing the cells for 3 days with 2 g͞ml CDDP (IC 95 for Cos-7 cells). The pool of cDNA clones was analyzed by PCR using a pair of primers flanking the polylinker site of pcDNA I: 5Ј-CCACTGCTTACTGGCTT-ATCG-3Ј and 5Ј-CACACCACAGAAGTAAGGTTCC-3Ј.
To isolate the full-length human semaphorin E (H-sema E) cDNA, a ZAP express (Stratagene) cDNA library of MS-1͞ CDDP cells was screened by hybridizing with a radio-labeled probe (24) . The cDNA insert of the clone was sequenced by the dideoxy chain termination method by using a Sequenase 7-deaza-dGTP kit (Amersham, UK) manually and by using a Model 373A autosequencer (Perkin-Elmer).
Northern Blot Analysis. Total RNA (30 g͞lane) or mRNA (2 g͞lane) was fractionated by electrophoresis and transferred to Hybond N (Amersham). Human multiple tissue Northern blots I and II and Zoo-Blot were purchased from CLONTECH. Hybridization was performed by using a radiolabeled H-sema E cDNA fragment (nucleotides 1-2,965) (24) .
The quality and quantity of electrophoresed RNA was determined by rehybridization of the same blot with a ␤-actin cDNA (CLONTECH). Developed x-ray films were scanned with a model GS-700 imaging densitometer and quantified by using Molecular Analyst 2.1 software (Bio-Rad), as instructed by the supplier.
Transfection of H-Sema E. H-sema E cDNA containing the entire coding region (nucleotides 186 ) was subcloned into the NotI site of the eukaryotic expression vector pcDNA3 (Invitrogen). Plasmid DNA was introduced into cells by Lipofectamine (GIBCO͞BRL). Stable transfectants were selected by exposure to G418 (GIBCO͞BRL) at 400 g͞ml and were cloned by limiting dilution. G418 was removed at least 7 days before drug sensitivity tests.
Drug Sensitivity Assay. Drug sensitivity was determined by 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay, as described previously (25) . The fraction of the cells that survived was determined by dividing the absorbance of treated wells by that of untreated control wells. IC 50 values were used as the measure of relative drug sensitivity.
In Vitro Translation Analysis. H-sema E cDNA was transcribed and translated in vitro by using the TNT reticulocyte lysate system (Promega) as instructed by the supplier.
Immunoprecipitation Analysis, Immunof luorescence Microscopy, and Immunohistochemistry. Rabbit polyclonal anti-H-sema E antibody was raised against a synthetic peptide, CYRKTKTGGKRLS, and affinity-purified.
Cells were labeled metabolically with 50 Ci͞ml L-[ 35 S]methionine (Amersham) for 16 hr at 37°C. Cell-free conditioned medium was isolated by 0.22-m filtration. Immunoprecipitation analysis and immunofluorescence microscopy was performed as previously described (26, 27) .
Dewaxed formalin-fixed and paraffin-embedded human tissue sections were treated with Target retrieval solution (Dako) as instructed by the supplier. Immunoperoxidase staining procedures using the avidin-biotin-complex method were performed as described previously (28). and CDDP-resistant cells were selected by exposure to the minimal lethal dose of CDDP. Surviving cells remained attached to the plastic culture dishes and were separated easily from detached dead cells. Episomal plasmid DNA was recovered from adherent surviving cells (29) and reintroduced into Cos-7 cells for another round of selection. After five rounds of selection for CDDP-resistance, two cDNA clones were prominent among the surviving Cos-7 transfectants (Fig. 1a, lane 5) . A 1.1-kb cDNA fragment hybridized with a gene that was overexpressed in the CDDP-resistant TYKnuR cells, compared with the parent TYKnu cells, as described below and was selected for further analyses.
RESULTS
A 5,186-bp cDNA clone, almost full length as judged from the mRNA size in Northern blot analyses, was isolated and found to encode 616 amino acids. A database search revealed that this gene was homologous to mouse semaphorin E (21) (accession no. X85994; 87% nucleotide homology, 93% amino acid homology; Fig. 1b) . The N-terminal signal sequence of 15 amino acids is followed by a conserved semaphorin domain (21, 30) . Semaphorin E is likely to be secreted, as no potential transmembrane domain was revealed by hydrophobicity analyses.
Northern blot analyses revealed that 5.2-kb H-sema E transcripts were expressed intensely in the heart, skeletal muscle, colon, small intestine, ovary, testis, and prostate. Faint expression was observed ubiquitously among other organs, including the brain (Fig. 1c) . Southern hybridization of ZooBlot with a H-sema E cDNA probe revealed sequence conservation among eukaryotic species, including monkey, rat, mouse, dog, cow, and rabbit (data not shown).
The calculated molecular mass of the H-sema E peptide was 69.6 kDa, and in vitro translation of H-sema E cDNA yielded a major product of approximately 70 kDa (Fig. 1d) .
Overexpression of H-Sema E in CDDP-Resistant Cancer Cell Lines. The CDDP-resistant cell lines TYKnuR, Lu65͞ CDDP, and MS-1͞CDDP expressed 6.0, 4.0, and 3.2 times more H-sema E mRNA than the CDDP-sensitive parental cells, respectively, when the blot intensity was normalized to their ␤-actin expression (Fig. 2a) . A protein of approximately 70 kDa, which was complete as judged from the above in vitro translation analyses, and a 65-kDa processed or degraded protein were secreted into the media by Cos-7 cells transiently transfected with H-sema E cDNA (Fig. 2b, lane 1) and by CDDP-resistant TYKnuR cells (lane 7). H-sema E protein was not detected in the conditioned media of a control transfectant (Fig. 2b, lane 3) or CDDP-sensitive TYKnu cells (lane 5). Immunofluorescence microscopy detected H-sema E protein in CDDP-resistant TYKnuR cells (Fig. 2c) but not in CDDPsensitive TYKnu cells.
Induction of H-Sema E in CDDP-Sensitive Cells. H-sema E expression was readily induced by exposure to CDDP in a dose-and time-dependent manner in CDDP-sensitive Lu65 and TYKnu cells (Fig. 3 a-c) . Constitutive H-sema E expression in CDDP-resistant cell lines was not affected by similar treatment (Fig. 3a, lanes 1 and 2) . In addition to CDDP, other chemotherapeutic drugs, including CBDCA, ADM, MMC and VP-16, (Fig. 3 c and d) , as well as UV (Fig. 3e ) and x-ray (Fig.  3f ) irradiation, also were able to induce the expression of H-sema E.
Transfection of H-Sema E cDNA into CDDP-Sensitive Cells. CDDP-sensitive TYKnu cells were transfected with H-sema E cDNA to determine the active involvement of H-sema E in a drug-resistant phenotype. Three clones with different expression levels of H-sema E (designated C11, C28, and E15) and one clone transfected with the vector alone (designated D8) were selected. Three H-sema E transfectants (C11, C28, and E15) expressed 3.3, 7.9, and 5.8 times more H-sema E mRNA than the mock transfectant, respectively (Fig. 4a) . H-sema E tranfectants showed greater resistance to CDDP than the mock transfectant, in parallel to their expression level of H-sema E (Fig. 4b) . Clone C28, which had the highest expression level of H-sema E, was 9.8 times more resistant to CDDP (calculated from the IC 50 values) than the mock transfectant. The H-sema E transfectant C28 was also 7.2, 3.1, 10.0, and 3.4 times more resistant to CBDCA, VP-16, MMC, and ADM, respectively, than the mock transfectant.
Immunohistochemical Detection of H-Sema E Protein in Human Tissues. H-sema E protein was detected immunohistochemically in Schwann cells of a peripheral nerve (Fig. 5A) examined the expression of H-sema E by 42 untreated squamous cell carcinomas (including 12 laryngeal, eight hypopharyngeal, seven esophageal, seven lung, five oral, and three uterine cervical cancers) that were removed surgically and by recurrent carcinomas removed at autopsy from the same patients after extensive radiotherapy and chemotherapy. We chose squamous cell carcinomas because untreated squamous cell carcinomas are generally radiosensitive and respond well to treatment (31) . In non-neoplastic squamous epithelium, faint expression of H-sema E was observed in the granular layer (Fig. 5C, arrowheads) . In most of the untreated squamous cell carcinomas, H-sema E expression was limited to parakeratotic cells in cancer pearls (Fig. 5D ). Parakeratosis is a well-documented pathological condition characterized by the retention of the nucleus in spite of the terminally differentiated cytoplasm (32) (Fig. 5E ). In two of 42 (4.7%) untreated tumors, and in 14 of 42 (33.3%) recurrent tumors, almost all the cells aberrantly overexpressed H-sema E irrespective of their histological phenotype (Fig. 5F ) . The expression of H-sema E in parakeratotic cells may indicate the failure of cell death, because denucleated necrotic cancer cells (Fig. 5G ) and normally keratinized squamous epithelial cells (Fig. 5 B and C) did not express it. Bizarre multinucleated giant cells often were observed in drug-refractory cancers, probably reflecting the failure of proper cell division. Those cells demonstrated characteristic nucleolar staining (Fig. 5H) .
DISCUSSION
Semaphorins͞collapsins make up a gene family characterized by the possession of a conserved semaphorin domain in the amino terminus (21, 30, 33) . One of the best-characterized members of this family is chicken collapsin (33), a secreted protein that collapses neuronal growth cones. By repelling growth cone extension, collapsin contributes to axonal pathfinding during neural development. Püschel et al. mouse semaphorin E in a similar experiment did not produce such activity (21) , raising the possibility that mouse semaphorin E has other undetermined functions.
The function of semaphorins in non-neural systems is largely unknown. CD100 from T lymphocytes was identified as a cell surface transmembrane semaphorin (34) . CD100 is thought to be essential for B cell development in the germinal center of lymph nodes. Co-culture with CD100-transfected T cells and a tumor necrosis factor family member, CD40L, significantly and synergistically enhanced the viability of B cells in vitro (34) . These results suggest that semaphorins provide cell survival signals in various non-neural systems.
In this study, we demonstrated that H-sema E was actually secreted. Semaphorins͞collapsins appear in two forms: transmembrane or secreted proteins (21, 30, 33, 34) . Secreted semaphorin D induces axon growth cone collapse through mediation of intracellular protein CRMP-62 (35) . CRMP-62 may be required for coupling a transmembrane semaphorinbinding receptor to a GTP-binding protein signaling cascade. Recently, neurophilin, a type I transmembrane protein, was identified as a semaphorin D receptor (36, 37) . Secreted semaphorin E may act as an autocrine factor through binding to undetermined cell surface receptor(s). It is essential to identify the cell surface receptor and intracellular signaling system to elucidate the semaphorin E-mediated drug resistance mechanism.
Bcl-2 was originally identified at the chromosomal breakpoint in t(14;18)-bearing follicular lymphoma cells (38) . Bcl-2 was reported to promote the regeneration of retinal axons in addition to its cell death-suppressing activity (39) . There may be a link between the regulation of neurite growth and cell survival mechanisms. Mangasser-Stephan et al. (40) reported that a 493-bp cDNA fragment, identical to part of H-sema E, hybridized with a gene that was overexpressed in synovial cells from patients with rheumatoid arthritis. The cell deathresistant activity of semaphorin E may be involved in the irreversible destructive growth of synovial cells in this disease (41) .
Finally, the genes encoding at least two other human semaphorins, A(V) and (IV), are clustered in the chromosome region 3p21.3 (42) (43) (44) , where homozygous deletions frequently are observed in small-cell lung cancer, and where unidentified tumor suppressor gene(s) are thought to be located (45-47). Sekido et al. (42) reported mutations and down-regulation of the semaphorin A(V) gene in human lung cancers. Considering the possible role of semaphorins in cell survival mechanisms, it is feasible that abnormalities of genes in this family participate in the carcinogenesis and progression of certain human tumors.
